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RADIATION HAZARDS I N  SPACE 

By T. Foelsche" 

NASA Langley Research Center 

ABSTRACT 

A gross  survey of data  on energetic rad ia t ion  i n  the  environment of 

t he  ear th  w i l l  be presented. This will embrace the  van Allen b e l t  radia- 

t i ons ,  ga lac t ic  cosmic radiat ions and so lar  cosmic radiat ions associated 

with so la r  flares. I n  the  l i g h t  o f  the current data the  radiat ion problem 

will be analyzed i n  terms of shielding requirements t o  keep exposure down 

t o  "tolerable" limits i n  manned space f l i g h t s .  

liminary especial ly  i n  t h e  cases of chance encounter with f l a r e  protons 

since calculat ions based on the  available data  give only upper and lower 

limits of physical  doses. 

b io logica l  e f f e c t  i s  not f i n a l l y  known. 

The estimates a re  pre- 

Also t h e  contribution of secondaries t o  the  

INTRODUCTION , 

We know today t h a t  mainly three  kinds of energetic radiat ions e x i s t  

i n  in te rp lane tary  space, which const i tute  a po ten t i a l  radiat ion hazard 

f o r  manned space f l i g h t :  

(1) The Van Allen b e l t  radiat ions,  energetic p a r t i c l e s  i n  sub- 

s t a n t i a l  i n t ens i ty  trapped i n  t h e  magnetic f i e l d  of t h e  ear th  and prob- 

ably of p lane ts  . 
( 2 )  Galactic cosmic radiat ion,  protons and heavier ions a r r iv ing  

from a l l  d i rec t ions  of t h e  galaxy, i n  pa r t  having extreme energies but 

Aerospace Technologist. * 
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of low in tens i ty .  This i n t ens i ty  i n  f r ee  space, of course, i s  substan- 

t ia l ly  higher than t h a t  of t h e i r  secondaries a t  sea l e v e l  on ear th ,  where 

man i s  protected by an atmospheric sh ie ld  equivalent t o  10 meters Of 

water and by the  magnetic f ie ld  of the earth, which def lec ts  these 

par t ic les .  

( 3 )  Solar cosmic radiat ion,  i den t i f i ed  during the  geophysical year 

as t r a n s i e n t  energetic proton showers ( i n  some cases of high in t ens i ty  

and duration) associated with f l a r e  erruptions on the sun. Flares are  

intense chromospheric l i g h t  flashes i n  t h e  v i s i b l e  and u l t r a v i o l e t  pa r t  

of t h e  spectrum accompanying these violent  erruptions.  

Although our knowledge about t h e  cha rac t e r i s t i c s  of space radia- 

t i ons ,  that is  about ccxrposition, energies, s p a t i a l  d i s t r ibu t ion ,  

i n t ens i t i e s ,  and t h e i r  var ia t ion  with t i m e ,  has subs tan t ia l ly  increased 

i n  the  last 10 years; nevertheless these data are fragmentary espec ia l ly  

on b e l t  and solar cosmic radiat ion.  

cance of the  energetic space rad ia t ions  and especial ly  of t h e i r  second- 

aries dependent on t he  s t ruc ture  of the  space vehicle  i s  not fully 

explored. 

ca te  the  l eve l s  of an t ic ipa ted  dose rates and docrtr, behind various 

amount6 of Shiel&ng, for describing i n  a quant i ta t ive  manner t h e  radia- 

t i o n  hazard i n  space. 

. 

Furthermore, t he  b io logica l  signifi- 

For these reasons, only first approaches are made t o  ind i -  

It i s  t h e  in t en t  of t h i s  survey t o  Bummariee without detail esti- 

nutee P a r t i e l y  those made under contract  of HASA or AT#A or by NASA 

itself i n  the  l i g h t  of current data. 

- 
LI 



3 
e 

c 

B e l t  radiat ion i n  ga l ac t i c  and so lar  cosmic rays are nei ther  of 

equal i n t ens i ty  nor unifondly d is t r ibu ted  i n  space, nor are they, as i n  

t h e  case of solar proton streams, always present. The accumulated dose 

depends, themfore,  except f o r  w a l l  thickness of the vehicle  o r  shielding, 

on t h e  t r a j ec to ry  and on the  date and the duration of t he  mission that 

we have i n  mind. 

exposure that may occur under unfavorable conditions, ignoring means t o  

avoid these  rad ia t ions  i n  t h e i r  full intensi ty ,  e.g. , by choosing 

appropriate t r a j ec to r i e s .  

Not t o  go i n t o  details, we assess only upper limits of 

I n  the beginning it may be useful t o  recall the  def in i t ions  of 

some radio b io logica l  un i t s  and terms that are used i n  t he  following. 

(see appendix.) 
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Figure 1.- Comparison of the  counting rate contours i n  the  radiat ion 
zone as given by Van Allen (upper) and as given by analysis  of 
Explorer V I  (lower) shown on a polar  p lo t .  
radiation zones during the  time of Explorer v1: have shrunken con- 
siderably and changed form since those infer red  from the Explorer I V  
and Pioneer I11 and I V  data. 

It i s  apparent t h a t  the 
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I. VAN ALLEN BELT RADIATIONS 

c 

(1) Spat ia l  d i s t r ibu t ion  

Figure 1 presents a survey of the s p a t i a l  d i s t r ibu t ion  and the  

i n t e n s i t i e s  of t he  energetic b e l t  par t ic les .  In  the upper pa r t  of 

f igure 1 the  isocount l i nes  a re  drawn by Van Allen according t o  counter 

measurements ( r e f s .  1, 2, and 3) with s a t e l l i t e s  Explorer I, Explorer N,  

and i n  the  outer region with Pioneer IV, March 3 ,  1959, a f t e r  a major 

so lar  a c t i v i t y  period. 
.. 

The r e s u l t s  indicate two regions of maximum 

in tens i ty ,  one a t  10,000 km from the  ear th ' s  center and a more d is tan t  

region a t  about 25,000 km distance. 

In  the  lower par t  of f igure 1 are shown isocount contours and 

measurements of Winckler and coworkers ( r e f .  4) with ionization chamber 

i n  Explorer V I  at  quiet  times (August 1-16, 1959). A t  t h i s  time the 

outer region i s  considerably shrunken and shows two maxima of i n t ens i ty ,  

During magnetic storms following t h i s  quiet  period, fur ther  depletion of 

t he  outermost zone was observed. This depletion was, i n  turn,  followed 

by a la rge  increase i n  the in t ens i ty  and expansion of t he  outer be l t .  

The intermediate b e l t  disappeared and similar count contours were obtained 

such a s  those i n  the  upper pa r t  of f igure 1. 

including rockets reaffirmed t h a t  the  inner b e l t  can be iden t i f i ed  with 

energet ic  proton and electron fluxes which are  r e l a t ive ly  s tab le  during 

Detailed invest igat ions 

so l a r  ac t iv i ty .  Substantial  proton fluxes i n  the energy range 10 t o  

400 MeV a r e  measured. 

up t o  2 Mev i n  the average 40 kev and no energetic protons a re  observed. 

In  the  outer zones, only electrons with energies 
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Figure 2.- Comparison of Geiger counter rates for Explorer VI, Pioneer 111, 
Ploneer IV, and the Russian Mechta space probe. 
rates are on a comparable basis within approximately 25 percent. 
Explorer VI shows the lowest intensity of trapped radiation and 
Pioneer IV the greatest enhancement of the radiation regions. 
curves illustrate the time variability of the outer regions over long 
periods. 

The various counting 

These 
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A more quant i ta t ive comparison of the  var,ation o i n t e n s i t i e s  i n  the  

outer zone c m  be obtained from f igure 2 ( r e f .  4), which shows the counts 

i n  l i g h t l y  shielded counters during f l i g h t s  r ad ia l  outwards. Pioneers I11 

and IV had almost i den t i ca l  counters (shieldings lg/cm2 of the  same 

material)  and nearly iden t i ca l  t ra jec tor ies .  We recognize t h a t  t he  

counts a t  about the  same location vary by a factor  100 o r  more a t  dif- 

fe ren t  times. 
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( 2 )  Proton dose r a t e s  ( inner  b e l t )  

To calculate  t he  dose r a t e s  behind various amounts of shielding 

a r i s ing ,  f o r  example, from inner b e l t  protons we have t o  know the  m a x i -  

mum flux values and t h e  energy spectrum of t h e  p a r t i c l e s .  

Considering the  maximum overa l l  f lux of energetic protons i n  t h e  

center  of t h e  inner b e l t  (a t  longitude -TO0 west and a l t i t u d e  -3,000 km 

above the  ear th  near t h e  magnetic equator), Van Allen found 

Protons 
cm2 sec 

N = 20,000 

having energies >40 Mev. This value i s  considered as trustworthy by a 

. factor  2; t h a t  i s ,  t he  flux may be up t o  40,000 protons/cm2 sec i n  the  

center.  

The spectrum of protons above 73 Mev i n  t h e  inner  b e l t  was f i rs t  

measured with nuclear emulsions by Freden and White ( r e f .  5 ) ,  but ,only 

near t h e  lower b e l t  boundary a t  1,200 lan a l t i t u d e  near Cape Canaveral, 

80° w e s t .  

( a t  1,200 km a l t i t u d e  near t he  Cape i n  low magnetic l a t i t udes ,  20° t o  

30' N). 

were first made by Hermann Schaefer ( r e f .  6 )  a t  t h e  Naval School of 

Aviation Medicine, and later by Keller and Schaefer ( r e f .  7 ) ,  a t  t h a t  

t i m e  with Convair under contract  with NASA, a s  w e l l  as by Allen, Dessler, 

Perkins,  and Fr ice  a t  Lockheed under contract with ABMA (ref.  8). 

The flux was extrapolated down t o  40 Mev as 1,000 protons/cm2 sec 

Based on t h i s  spectrum, detai led calculat ions of t h e  dose r a t e  

. 
Assuming t h e  above spectnun and 20,000 protons/cm2 sec > 40 Mev i n  

. t h e  center ,  t he  results are essent ia l ly  t h e  same and a re  shown i n  f igure  3 .  
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H. Schaefer* and Allen, Dessler, and coauthors come t o  essent ia l ly  

the  same dose r a t e  i n  rep/hr behind d i f fe ren t  amounts of shielding 

(lowest curve). The higher values of W. Keller and coauthor i n  rem/hr 

are par t ly  caused by the assumption t h a t  protons of energies < 40 Mev 

have an FBE = 2 and p a r t l y  by a somewhat d i f fe ren t  extrapolation of t h e  

low energy p a r t  of t h e  spectrum. Under t h e  assmption t h a t  t h e  spectrum 

has the same shape i n  t h e  center of t he  inner  b e l t  as a t  t he  inner edge 

and neglecting self-shielding and assuming a m a x i m u m  value of 

20,000 proton/cm2 sec > 40 Mev, thus in s ide  a spherical  water sh ie ld  

the following dose r a t e s  a r e  obtained: 

-Wall thickness. 2g/cm2 of H20 25g/cm2 of H 2 0  

Dose r a t e  12 rep/hr 2.7 rep/hr 

For 40,000 protons/cm2 sec i n  the  b e l t  center,  t he  dose r a t e s  for t he  

same shielding a re  24 rep/hr and 5.4 rep/hr, respectively.  We note t h a t  

the dose rate decreases only by a f ac to r  1 /4  t o  l / 5  by using a heavier 

shield of 25 g/cm2 of H20 or carbon. 

* The lower curve i n  f igure 3 i s  deduced from H. Schaefer's "Bragg" 

curve fo r  a p a r a l l e l  beam with Freden-White's energy spectrum by multi- 

plying by t h e  f ac to r  20 = 20,000 p/cm2 center not considering self- 
1,000 p/cm2 sec, 1,200 km 

shielding of the body. Schaefer calculated a l s o  the  self-shielding e f f e c t  

and dose rate d is t r ibu t ion  inside of a body phantom (75 kg water sphere) 

behind different  amounts of outer shielding based on t h i s  Bragg curve. 
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It may be mentioned t h a t  the  increase of the  p a r t i c l e  number on the  

l o w  energy end of t he  spectrum ( a 0  Mev energy) according t o  measurements 

of Naugle ( r e f .  30)  should not change the numbers f o r  high shielding 

thicknesses subs tan t ia l ly ,  because the  range of protons of 20 Mev i s  

about 0.5 g/cm2 f o r  mater ia l  of low Z number. Of course, an amount of 

secondaries, espec ia l ly  neutrons, w i l l  appear addi t ive ly  from nuclear 

co l l i s ions  and subsequent evaporations that  a re  not taken i n t o  account 

here.  I n  order t o  provide f o r  possible e r ro r  i n  t h e  in t ens i ty  of low 

energy primary protons and t h e i r  secondaries and a l s o  f o r  var ia t ions  i n  

the  in t ens i ty  t h a t  have been recent ly  reported, t he  number of 24 rep/hr 

'appears preferable as t h e  m a x i m u m  proton dose r a t e  i n  t he  center  of t he  

inner  b e l t .  

Estimates taking i n t o  account secondaries from nuclear co l l i s ions ,  

espec ia l ly  fast neutrons, a r e  car r ied  out i n  references 7 and 8 for d i f -  

fe ren t  s t ruc tu re  and shielding materials l i k e  Be, C ,  Mg, and Al, 

with the  r e s u l t  t h a t  t h e  contribution t o  the physical  dose r a t e  f o r  

shielding thicknesses of the  order of 20 g/cm2 i s  about 10 percent i n  

f irst  approximation. It seems advisable t o  r e f ine  these calculat ions 

also t ak ing  i n t o  account t he  contribution of neutrons produced by low 

energy protons ((20 MeV) and b o i l  off neutrons, which may be high (e.g. ,  

f o r  

s idera t ions .  More de t a i l ed  computations a r e  ca r r i ed  out by W. Keller 

Be) and t o  estimate the  biological  dose r a t e  i n  supplementing con- 

( r e f .  7a) for carbon a s  shielding material  and show t h a t  such secondary 

rad ia t ion  i s  important and must be considered i n  de ta i led  sh ie ld  designs. 
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(3)  X-radiation inside the vehicle 

With regard t o  shielding requirements f o r  t he  crew, X-radiation 

inside t h e  spacecraft, produced by electrons of t h e  inner and outer b e l t  

impinging on t h e  surface of t he  spacecraft must be considered (electrons,  

e.g., of 100 kev have only a range of 1/10 mn i n  aluminum and do not 

penetrate the s h e l l  d i r e c t l y ) .  

I n  the outer b e l t  the f lux  values of electrons f luctuate  i n  wide 

limits as was shown before ( f i g .  1). 

I n  quiet periods Winckler ( r e f .  4) measured d i r e c t l y  10 r / h r  with 

an ionization chamber of 1/2 mm aluminum w a l l  thickness. I n  t h e  expansion 

phase a f t e r  magnetic storms, the dose rate increased t o  30 r /h r  i n  

Explorer V I .  

Van Allen calculated 100 r /h r  inside 1 g/cm2 A 1  i n  t he  zone of 

m a x i m i n t e n s i t y ,  during the  time of the Pioneer IV f l i g h t ,  when the  

outer b e l t  was most expanded and intense. 

t o  a rough estimate of dose r a t e s  inside the  vehicle,  since they a r e  

We l i m i t  t he  discussion here 

strongly dependent on constructive d e t a i l s  such as w a l l  inaterials, thick-  

nesses, and coating. Although t h e  electron f luxes and the  aforementioned 

dose r a t e s  are high - t h e  electron flux E > 20 kev i s  estimated by Van 

Allen as 10l1 e/cm2 see as t h e  peak of t he  outer  b e l t  during the  f l i g h t  

of Pioneer N - t he  shielding problem i s  of lower magnitude than t h a t  of 

shielding against protons i n  the inner b e l t .  

t he  produced X-radiation decrease s teeply with energy i n  t h e i r  i n t e n s i t y  

and the l a t t e r  can be e a s i l y  reduced by 1 t o  2 mm of uranium or lead by 

a t  l ea s t  a factor  1/20 t o  <5 r /hr .  The same ef fec t  would be produced by 

The electron spectrum and 
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about 10 g/cm2 of aluminum. 

reduced by a t h i n  coat of carbon on the outside - by a fac tor  l / 3  aga ins t ,  

f o r  example, aluminum - since t h e  produced bremstrahlung in t ens i ty  i s  

proportional t o  the  

r a t e  on the  order of 1 t o  2 r /h r  i n  the spacecraft ,  neglecting s e l f -  

shielding of men's bodies, i n  a space ship with shielding equivalent t o  

10 g/cm2 of aluminum and carbon coating i n  t h e  m a x i m u m  of the  outer b e l t .  

More de ta i led  calculat ions were again car r ied  out by t h e  Lockheed group 

( r e f .  8),  as wel l  a s  by W. Keller ( r e f .  7 ) ,  Dye and Noyes ( r e f .  9 ) ,  

Prof.  Robley Evans of M.I.T. (ref.  24), using t h e  spectra given by 

Van Allen (ref.  2 ) ,  Holly and Johnson ( r e f .  11) , Walt, Chase, e t  a l .  

( r e f .  10). 

t o  subs tan t ia l ly  lower dose r a t e s  than given above. 

The production of X-radiation can be fb r the r  

Z number.* We obtain thus as an upper l imi t  a dose 

The calculat ions of t h e  Lockheed authors and R .  Evans l ead  

* Z-number, charge of t h e  nucleus. 
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11. GALACTIC COSMIC RADIATION 

. 

(1) I n t e n s i t i e s  and overa l l  ionization dosage 

The primary ga lac t ic  cosmic radiat ion consis ts  of pos i t ive ly  charged 

atomic nuclei  of high energy, mostly protons (-83 percent) ,  

(-12 percent),  and a few heavier nuclei observed up t o  t i n  (Sb),  s t r ipped 

of a l l  e lectrons.  Figure 4 gives an i l l u s t r a t i o n  of the cosmic ray 

i n t e n s i t i e s  near t h e  ear th  and t h e i r  var ia t ion  with so la r  ac t iv i ty .  

shows a meridional cross section of the overa l l  ionizat ion on top of t he  

atmosphere ( f o r  about 10 g/cm2 atmospheric depth, i .e . ,  100,000 f t  or 

30 km a l t i t u d e )  produced by ga lac t ic  cosmic rays impinging from a l l  

d i rec t ions  of the  sky. A s  i s  shown near t he  or ig in  of t h e  abscissa,  t he  

ionizat ion above t h e  magnetic equator a t  30 km a l t i t u d e  i s  low and i s  

about equal during so lar  maximum and so lar  minimum years a s  a r e s u l t  of 

t h e  shielding e f f ec t  of t h e  magnetic f i e l d  of t h e  ear th .  On t h e  poles,  

where t h e  lower energy pa r t i c l e s  a re  l e s s  deflected,  a t  30 km a l t i t u d e  

t h e  ionizat ion i s  higher by a f ac to r  of 35 during so lar  minimum years 

and by a f ac to r  of 20 during a c t i v i t y  years. 

t i o n  during so lar  minimum years by a fac tor  of about two on t h e  poles 

and not on t h e  equator r e f l e c t s  t h e  fac t  t h a t  t h e  low energy pa r t  of t h e  

primary spectrum i s  increased during t h i s  period. 

by t h e  low energy primaries only, since these have access t o  the  poles  

but not t o  t h e  magnetic equator. 

information i s  discussed subsequently (Par t  I I ( 2 ) ) .  

a p a r t i c l e s  

It 

This increase of ioniza- 

This can be caused 

The biological  significance of t h i s  



16 

During so la r  a c t i v i t y  years sudden fu r the r  decreases of ionization 

of as much as 25 t o  30 percent a r e  observed. 

decreases" a r e  associated with so l a r  f l a r e  ac t iv i ty .  Simultaneous 

observations (13) of such decreases both on ear th  and aboard Pioneer V 

(1960 Alpha) during 1960 and a t  5,OOO,OOO kilometers from t h e  ear th  indi-  

cate  t h a t  they are due not t o  d is tor t ion  of t he  ea r th ' s  magnetic f i e l d  

but t o  interplanetary magnetic clouds associated with ejected so la r  

plasmas. 

These so-called "Forbush 

From t h e  general viewpoint of implications t o  space f l i g h t s ,  t he  

most important f a c t  i s  t h a t  t he  f lux of galact ic  cosmic rays i n  i n t e r -  

planetary space i s  very low i n  comparison with t h e  flux i n  t h e  b e l t  or 

i n  major so l a r  proton beams , namely 

P a r t i c l e s  
cm2 sec 

N = 2.5 

during solar a c t i v i t y  years. It may be supposed, therefore ,  t h a t  t h e  

normal ionization dosage of ga l ac t i c  cosmic rays l i e s  under any acute 

level .  Carefully taking i n t o  account the higher spec i f i c  ionizat ion of 

heavier primaries and t h e i r  higher RBE, a dose r a t e  of about 0.45 rem/week 

i s  calculated i n  f r ee  space, i f  no shielding i s  provided, except se l f -  

shielding of t h e  body ( r e f .  14), and secondaries produced i n  t h e  body 

a r e  disregarded. This dose rate i s  on t h e  order of t h e  maximum per- 

missible dose r a t e  f o r  atomic and medical workers (up t o  1958, 

0.3 rem/week) . 
ICFP, 1959, the  maximum permissible dose fate i s  0.1 rem/week o r  

According t o  more Conservative recommendations of the 

c 



3 rem/year f o r  persons from ages 18-68 o r  a t o t a l  of 250 r e m  during an 

adul t s  l i fe t ime.  Thus the  normal ionization dosage by galact ic  rays 

should a t  l e a s t  not lead t o  acute o r  disabling symptoms, even i f  the 

spacecraft crew i s  exposed t o  this space radiat ion f o r  a year o r  more 

(25 t o  50 rem), and even i f  secondaries produced ins ide  the  body and i n  

the  vehicle material  double t h i s  dose (50 t o  100 rem/year) . Shielding, 

t o  reduce t h i s  overa l l  ionizat ion dosage produced by ga lac t ic  cosmic 

rays,  say f o r  t he  solar  minimum years where the  ionization i s  higher by 

a fac tor  of about two, would be a very expensive task ,  especial ly  i n  

terms of weight. 

t o  80 g/cm2 even of l o w  Z number material, reduce the  dose r a t e  only by 

a small amount o r  even increase the dose r a t e  during so lar  a c t i v i t y  

years,  when apparently the  low energy par t  of the primary spectrum i s  

cut off by interplanetary magnetic f i e lds .  

a buildup of secondaries occurs as has been observed i n  the atmosphere 

f o r  a depth of about 60 t o  80 g/cm2 during solar  a c t i v i t y  years. 

During minimum solar  a c t i v i t y  years t h i s  t r ans i t i on  e f f ec t  i s  covered 

by the  ionizat ion produced by low energy primaries. 

(See a l so  ref. 14. ) The reason is ,  t h a t  shields up 

With such high energy beams 
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Figure 5.- Ionization peak and thin-down par t  of 
a heavy nucleus t rack of Z = -50 ( t i n )  
recorded at 105,000 f e e t  and 55O N la t i tude  
with emulsion chaniber method, by Heman Yagoda, 
Laboratory of Physical Biology, National 
Ins t i tu tes  of Health. 

Figure ?(a). - Microphotograph of two sec- 
t ions of a heavy nucleus t rack 
and a thorium alpha t rack (E. P. Ney 
and Ph. Freier,  University of 
Minnesota). Left. Heavy nucleus of 

4,000 million eV energy. Center. 
Heavy nucleus a t  400 mill ion eV energy. 
Right. Thorium alpha track. Total 
ve r t i ca l  length of the v isua l  f i e ld ,  
58 micra. 

2 = 20, 



. 
(2)  Heavy primary h i t s  

A s  emphasized by Hermann Schaefer, Yagoda, Tobias, Haymaker, and 

other  s c i en t i s t s ,  the biological ly  most e f f i c i en t  component of the galac- 

t i c  cosmic ray beam should be not the overal l  ionization dosage produced 

i n  the  body but t he  number of slow heavy primaries, which come t o  r e s t  

by electronic  co l l i s ions  i n  the unshielded body. 

Figure 5 ( r e f .  16) shows the  ionization spread and thin-down pa r t  

of such heavy primaries t h a t  come t o  rest by normal ionization without 

undergoing nuclear col l is ions,  i n  comparison with the ionization t rack  

of a Thorium a pa r t i c l e  ( r i g h t  s ide of f ig .  5(a)) .  The density of the 

ionization column around the  t rack  increases w i t h  Z2 where Z i s  the  

atomic number or charge of the impinging par t ic le .  

column occur doses of 10 t o  2 x 10 roentgen. The biological  e f f ec t  

of such broad columns of ionization with a diameter comparable w i t h  the  

In  the  core of the 

4 4 

diameter of l i v ing  c e l l s  (1%) i s  considered a s  much more profound than 

corresponds t o  t h e i r  contribution t o  the overal l  ionization per volume 

or gram ( the  l a t t e r  i s  low, =5 percent a t  the top of the  atmosphere). 

The number of t h i n  down h i t s  per un i t  volume of the  body i s  therefore a 

more adequate measure of t h e i r  biological e f fec t  than t h e i r  contribution 

t o  the  dose i n  rep or rad. 

To give an order of magnitude of the  number of h i t s  on top of the 

atmosphere the r e su l t s  obtained during the  Man High I1 balloon f l i gh t ,  

August 1957, may be recal led (ref. 17). 

90,000 f e e t  a l t i t ude  ( i n  l a t i t ude  > 5 5 O ) ,  the  number of calcium ( Z  = 20) 

During a s tay  of 15 hours i n  over 
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up t o  i ron  ( Z  = 26) h i t s  recorded i n  three emulsion p e l l i c l e s  3 x 4 inches 

60% t h i ck  placed on the arms and the chest  of t he  p i l o t  were 3, 1, 2. 

The number of lower Z number h i t s  w a s  i n  t h e  order of 25 per  pe l l i c l e .  

The number of h i t s  Z > 6 i n  the  whole body during t h i s  l3-hour f l i g h t  i s  

estimated t o  have been about 150,000 (volume of the body - 73,000 cm3). 

Although this  t o t a l  number appears high, t he  number per  cubic centimeter 

i s  only -2. 

after t h e  f l i g h t  during subsequent weeks and years of observation. 

number of h i t s / c d  t h a t  can produce s ignif icant  e f f ec t s  on man i s  as yet 

not c lear .  A t  t h i s  t i m e  one cannot exclude t h a t  the heavy primaries may 

cons t i tu te  a radiat ion danger for expeditions of long duration i n  a 

l i g h t l y  shielded space vehicle. Fortunately, t h e  shielding against  low 

energy heavy primaries i s  a much eas i e r  t a s k  than shielding against  t he  

high energy protons and secondaries with low charge. 

come t o  rest by normal ionizat ion i n  r e l a t i v e l y  low shield thicknesses 

because of t h e i r  high energy losses or,  if more energetic, degrade i n  

nuclear co l l i s ions  i n  p a r t i c l e s  of  t h e  l i g h t l y  ionizing type and those 

of presumably lower biological  effectiveness, because of t h e i r  l a rge r  cross 

sections.  

t h i n  down h i t s  i s  low Z number material, as it i s  a l s o  f o r  protect ion 

against  protons and t h e i r  secondaries. 

t h a t  a spher ica l  sh ie ld  having a thickness equivalent t o  20 g/c& of H20 

It w a s  not possible t o  detect  s ign i f icant  b io logica l  e f f e c t s  

The 

The heavy primaries 

Especially favorable i n  terms of weight for protect ion against  

Preliminary estimates indicate  

would be necessary t o  reduce subs tan t ia l ly  the  number of h i t s  i n  a t a rge t  

l i k e  man's body. 

primaries can be observed i n  the  curves of figure 6 extrapolated f r o m  

The shielding e f fec t  of t he  atmosphere against  heavy 
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Yagoda (ref. 18) from careful emulsion measurements in high altitude 

balloons in high latitudes. P is the number of hits/cm3 per day. The 

number of hits in 20 g/cm2 depth of atmosphere (87,000 feet, 26.4 km 

altitude) is reduced by a factor of 1/10 during solar minimum years and 

by a factor of l /5  during activity years. 

I 
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111. SOLAR COSMIC RAYS 

As the third and most important problem, the radiat ion hazard of 

energetic so l a r  f l a r e  p a r t i c l e s  has t o  be considered. This so l a r  cosmic 

radiat ion w a s  detected at  sea l e v e l  i n  some events as ea r ly  as 1942 by 

Forbush and Ebnert. Such high energy events t h a t  penetrate with t h e i r  

secondaries t o  sea l e v e l  are rare. Since the  d i r ec t  measurement of so la r  

protons of lower p a r t i c l e  energy i n  balloons by Winckler i n  1957, which 

are more frequent and a r e  observable only i n  high a l t i t udes  and latitudes, 

d i s t inc t ion  i s  made between high energy events with r e l a t i v i s t i c  p a r t i c l e  

energies up t o  20 Bev but having generally lower In tens i t ies ,  and low 

and medium energy events with pa r t i c l e  energies up t o  400 MeV o r  few Bev, 

respectively,  i n  some cases of extreme intensi ty .  
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(1) Frequencies 
* 

The frequency of high energy events i n  the three last  so la r  cycles 

including one med ium energy event i s  given i n  f igure  7. One o r  two high 

energy events are observed every 4 t o  5 years albng the r i s i n g  and f a l l i n g  

slope of a sunspot cycle. 

1938 occurred on February 23, 1956. 

The most energetic and intensive event since 

The frequency of low and m e d i u m  

energy events are shown i n  figure 8 (modified f r o m  ref. 19, see a lso  

ref. 20). About 5 t o  13 events occurred per  year, that were intense 

enough t o  be detectable with riometers* or i n  instrumented high-alt i tude 

balloons, i n  high la t i tudes .  

cons t i tu te  a h g e r  i n  a space vehicle shielded by about 5 t o  10 g/cm2 

Most of t.hese low energy events do not 

of low Z number mater ia l  because of t h e i r  low in tens i ty .  

Extreme flux low and medium energy events, which produce a radio 

attenuation of 15 db and mre (28 Mc) const i tute ,  however an appreciable 

hazard (indicated by c i r c l e s  i n  f ig .  8). O f  such extreme events only 

2 t o  4 per  year occurred during the l a s t  years of high solar  ac t iv i ty .  

O f  course, sometimes 2 or more occurred i n  very short  succession within 

a few d a y s ,  l i k e  the events on July 10, 14, 16, 1959 and the  events on 

November 12 and 15, 1960. 

Radio ionospheric opacity meter,.measures the  cosmic radio noise * 

absorption at  28 and 50 Mc i n  the  lower ionosphere (30 t o  80 h) caused 

by penetrat ing ionizing par t ic les .  
b 
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( 2 )  Prediction of quiet  periods. Encounter probabi l i t ies .  

A second purpose of figure 8 is  t o  ind ica te  a correlat ion provided 

by Kinsey Anderson (ref.  19) between occurrence of penumbral areas around 

sunspot groups t h a t  exceeded a c r i t i c a l  a rea  and proton events. 

times of large penumbras a re  indicated by hatched boxes. 

two instances no solar events occurred during periods of absence of 

penumbral areas; and when such events occurred, they were not earlier 

than 2 days after the  increase of penumbral areas. 

Anderson's analysis  of t he  years 1952 t o  1959 it appears t h a t  absence 

of major events can be predicted f o r  excursion times of 2 t o  4 days with 

acceptable r e l i a b i l i t y .  

cases of 55 a strong event would have been encountered against  prediction. 

On a purely random s t a t i s t i c a l  bas i s  of occurrences, the probabi l i ty  of 

These 

I n  a l l  except 

On the  basis of 

For an excursion of 7 days however, i n  th ree  

encountering an extreme event i n  a 10-day t r i p  would be - 4 = 0.11 o r  
36.5 

11 encounters i n  100 f l i gh t s ,  assuming according t o  the  experience of 

recent years, four extreme events pe r  so l a r  a c t i v i t y  year. 

b i l i t y  of encountering two events or more would be 0.006 or 0.6 percent. 

It i s  t o  be noted, however, t h a t  these events, tend t o  occur i n  bunches. 

By inves t iga t ion  of t he  last three solar cycles, on the  b a s i s  of a cor- 

r e l a t i o n  between flare events and l a r g e  magnetic disturbances as measured 

by a magnetic index Ap > 80, Adamson and Davidson (ref. 21) found t h a t  

the bunching ef fec t  diminishes the probabi l i ty  f o r  one event by a fac- 

t o r  0.8 and increases the  probabi l i ty  for two o r  more events i n  a 10-day 

The proba- 
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excursion by a fac tor  >2, t o  about 1 .2  percent. These encounter proba- 5 

b i l i t i e s  for short  t i m e  excursions a r e  considered as too high t o  be 

ignored, and as long as no reliable predict ion c r i t e r i a  are found, an 

amount of shielding i s  recommended t h a t  reduces the  dose accumulated i n  

two or  th ree  events t o  to le rab le  l i m i t s  even for expeditions of only 

10 t o  14 days duration i n  space. Adequate shielding appears indispensible 

for excursions of longer duration during so lar  a c t i v i t y  years, such as a 

Mars expedition, which would take more than a year. 



h 

3 .  Maximum fluxes and spectra 

To obtain a survey about dose ra tes  and doses which can occur i n  a 

space vehicle during such events, we have again t o  know the  fluxes and 

the  spectra, and equally important, t h e i r  timely var ia t ions especially 

during t h e  maximum in t ens i ty  phases. 

Referring t o  maximum in tens i t ies ,  w e  know that t h e  fluxes of 

energetic protons of various events vary i n  wide limits - by about six 

orders of magnitude - from cosmic ray background in tens i ty  of 2.5 p/cm2 sec,  

corresponding to  a dose rate of 0 .1  rep/week up t o  possibly 

10 6 protons/cm2 sec corresponding t o  thousands of rep/hour behind a small 

amount of shielding. 

fluxes and spectra of the most extreme events observed i n  the  last solar 

cycle, as given i n  f igure  9. 

To obtain upper limits of hses we consider only 

The fluxes of p a r t i c l e s  having energies > E a re  p lo t ted  against  the 

These spectra have a common character- e n e r a  E i n  Bev on t h e  abscissa. 

i s t i c ,  they f a l l  of f  much more steeply i n  the  higher energy range than 

t h e  spectra of the inner b e l t  protons o r  of ga lac t ic  cosmic protons. 

This leads t o  the expectation that by p r a c t i c a l  shielding amounts i n  

t he  order of 30 g / d ,  the main in tens i ty  can be cut o f f ,  at least f o r  

low and medium energy events; f o r  example, i n  the May 1959 low e n e r a  

event after 33 hours using a 30 g/c$ %O shield corresponding t o  the  

range of 220 MeV protons, only -100 protons/&-sec sterad with E > 220 MeV 

penetrate  the shield; the  10 4 t i m e s  higher flux of pa r t i c l e s  E < 220 Mev i s  

absorbed i n  t h e  shield. 
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Figure 9.- Integral energy spectra of solar flare cosmic rays, inner 
belt protons and galactic primary protons. 
1956, May 1959 and of galactic cosmic rays are plotted versus energy 
from the rigidity spectra given by Winckler (ref. 12) and Bailey 
(ref. 27). 
given by Fichtel Guss (Personal Communications) and measurements of 
Davis Olgivie (Personal Communications), van Allen (Explorer VII, 
Personal Communications), Winckler (ref. 25), and Ney (ref. 26). 
inner belt proton spectrum (center) is obtained from Freeden and 
White's spectrum in 1200-kilometer altitude (ref. 3)  by multiplica- 
tion with 20. 

The spectra of February 

The spectra of 12 Nov. 1960 are extrapolated from spectra 

The 



During the high energy event on February 23,  1956, however, only a 

small - of course, not insignif icant  - p a r t  of t he  spectrum could have 

been cut of f  by t h e  shielding amount of 30 g / d .  

t he  spectrum begins not e a r l i e r  than a t  approximately 1 Bev and we would 

have t o  use a water shield of 3m thickness t o  cut off a l l  p a r t i c l e s  with 

lower energy, disregarding secondaries. 

The step decrease of 
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Figure 10.- Proton dose rates i n  the center  of spher ica l  shields derived 
from the spec t ra  i n  figure 9. 
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Dose Rate and Upper and b w e r  L i m i t s  of Doses 

Quantitatively, the d i f f e ren t  penetration power of solar  beams can 

be seen i n  f igu re  10, which shows the slower decrease of t he  dose rate 

with shielding thickness i n  high and medium energy events i n  comparison 

with the  fast decrease i n  low energy events, respectively. 

For estimating t h e  radiation hazard of such proton events it i s  

necessary not merely t o  consider t he  dose r a t e  as a function of shielding 

thickness but t h e  time integrated dose rate o r  the t o t a l  dose accumulated 

during t h e  e n t i r e  event ra ther  than the dose rate a t  par t icu lar  i n s t an t s .  

The biological  e f f e c t  i s  measured by the dose i t se l f .  



34 

0 



1 

Each o these proton events has i t s  own - o t en  comp icated - time 

h is tory  of i n t e n s i t i e s  and spectra dependent on the  source spectrum on 

the  sun and magnetic f i e l d s  between sun and earth.  Frequently, rapid 

increase i s  followed f i r s t  by a fas t  and la te r  by a slow decrease of 

t he  i n t e n s i t y  as shown i n  figure 11 ( r e f .  22). 

neutrons a t  sea l e v e l  i n  f igure 11 r e f l e c t s ,  of course, only t h e  i n t e n s i t y  

of t h e  high energy protons (E > Bev) on top of t he  atmosphere. 

The surge of secondary 





J 

The increase and 50 percent decay period var ies  i n  duration from 

some 10 minutes (fast  riser) t o  24 hours ( s l o w  r iser)  i n  d i f f e ren t  

events. Sometimes multiple peaks appear i n  the  ear ly  phase. (See 

f i g .  12, ref. 23.) 

. 
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Figure 13.- E s t i m a t e s  of upper and lower limits of doses i n  the  center  
of spherical  H20 shields  accumulated during extreme proton events. 
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Unfortunately, t he  in t ens i t i e s  and the spectra during these early 

phases of m a x i m u m  i n t ens i ty  t h a t  contribute most t o  the  dose are  not 

well  known i n  many cases. For t h i s  reason, i n  f igure  13 only rough 

estimates of upper and lower limits of doses i n  the various events can 

be given. These estimates a re  derived on the basis  of the spectra,  

extrapolated i n  pa r t ,  i n  f igure 10 and time p ro f i l e s  of i n t ens i t i e s  

extrapolated from neutron monitor, riometer (see r e f .  28), balloon 

( r e f s .  23 and 26), rocket, s a t e l l i t e ,  and space probe measurements 

( r e f .  24). 

We note some dose values, as follows: Behind a shield of 2g/cm2 

of H20 a dose i n  the  1,000 rep range could possibly be received; behind 

a shield of 25g/cm2 of H20,  the  dose would be reduced t o  an upper 

l i m i t  of 50 rep i n  the  high energy event of February 19%. I n  the low 

and medium energy events the  upper limit would be below 25 rep behind a 

shield of 2>g/cm2 of H20. 

It should be mentioned t h a t  t he  upper limits of doses fo r  the May 

and Ju ly  1939 events and f o r  the February 1956 high energy event are  

probably assumed unnecessarily high (see r e f s .  23 and 28) and are  more 

uncertain than the  values given f o r  November 12, 1960, where more spectra 

are avai lable .  It is, however, obvious t h a t  operating during such events 

i n  a l i g h t l y  shielded space vehicle or staying on the  moon surface pro- 

t ec t ed  only by a space s u i t  would be dangerous, since radiat ion sickness 

can be expected at  doses of lw t o  200 rem. 



We may summarize these considerations with t h e  statement t h a t  

about 25g/cm2 of H2O equivalent shielding would be suf f ic ien t  t o  

reduce the exposure of t he  crew t o  23 t o  50 rep f o r  every extreme event 

observed thus f a r .  If two or th ree  encounters are considered, t o t a l  

shield weights of 20 t o  

doses from the  encounters a t  l e s s  than 100 rep. For a biological  

effectiveness of 1, a short  time dose below about 100 rep produces Only 

m i l d  symptoms i n  5 t o  10 percent of those exposed or no e f f ec t  other 

than minor blood changes followed by complete recovery. 

include in  the au thor ' s  opinion a subs tan t ia l  sa fe ty  margin, since no 

selfshielding i s  taken i n t o  account and since,  furthermore, t h e  spectra  

fo r  solar proton events and the time p ro f i l e s  of i n t e n s i t i e s  used here 

are upper l i m i t s .  

25g/cm2 of H20 would maintain the  sum of t h e  

These estimates 

Of course the question of contribution of secondaries, espec ia l ly  

neutrons, t o  t h e  dose has t o  be invest igated i n  more d e t a i l .  A rough 

estimate ( r e f .  24), using t h e  prompt spectrum of the  February 23, 1956 

high energy- event, shows t h a t  the  contribution of neutrons t o  the 

physical dose r a t e  i n  rep/hr i s  about 15 percent behind a shield of 

25g/cm2 of H20. However, t he  contribution of secondary neutrons t o  

the  biological  dose i n  rems should be higher and has t o  be taken in to  

account for low energy events, too,  which apparently cam exhibi t  extreme 

proton fluxes i n  the  low energy range with subsequent neutron f luxes 

t h a t  cannot be ignored. (See r e f .  30. ) 

, 
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SUMMARY 

In  tab le  I a summary of the radiation leve ls  of ga lac t ic  cosmic 

radiation, b e l t  radiations,  and solar  cosmic radiat ion as obtained 

from the  foregoing estimates are  given. 

Galactic cosmic radiat ion const i tutes  a comparatively minor hazard 

insofar  as the over-al l  ionization dosage i s  concerned. 

of 0.5 rem/week o r  1 rem/week during solar a c t i v i t y  years, it has signi-  

f icance only on a t r i p  of extended duration. 

about 50 t o  100 rem would be accumulated i n  a space ship during solar  

a c t i v i t y  years. 

t i o n  t o  other more acute doses associated w i t h  b e l t  and f l a r e  radiat ions,  

we have t o  apply a reduction f ac to r  t o  the  ga lac t ic  dose because of 

recovery of somatic damage, except for genetic e f f ec t s ,  which a re  haw- 

even considered as ins igni f icant  f o r  doses i n  the  order of 50 t o  100 r e m  

fo r  one generation. 

A t  the  low l e v e l  

In 1 t o  2 years a dose of 

In adding up t h i s  mount of chronic law l eve l  i r rad ia-  

The e f fec ts  of the  heavy primary component of t he  cosmic ray beam 

The number of h i t s  without any shielding i n  are not known at present. 

free space i s  low, on the  order of 6 t o  40 per 

It cannot be excluded t h a t  staying without substant ia l  shielding f o r  

weeks o r  months i n  space would lead t o  injury.  

on the  order of 

number of heavy primary h i t s  by a factor  1/15 or  1/3 during so lar  minimum 

o r  so l a r  a c t i v i t y  years, respectively. The number of h i t s  decreases f a s t  

t o  zero with higher sh ie ld  thicknesses, which l a t t e r  should be available 

i n  form of propellent and supply i n  long-term excursions. 

cm3 of t i s sue  per day. 

Fortunately shielding 

2Og/cm2 of l a w  Z-number material  would reduce the 
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TABW I.- ESTIMATED RADIATION EXPOSURF: I N  SPACE 

I. Galactic cosmic radiat ion 

During so la r  
ac t iv i ty  years 

Heavy primary h i t s  

Without sh ie ld  I x) g/cm2 of H20 

Gross ionization 
dosage 

0.45 t o  1.0 rem/week 6/cm2/day 2 / c d  / day 
25 t o  50 rem/year 

Shield thickness 
2 g/cm2 of H@ 

11. Belt rad ia t ion  

6 t o  10 g/cm2 of 
A1 + s t e e l  

1 Inside spherical  shields ,  neglecting s e l f  shielding I 

Inner b e l t  
protons (center )  

12 t o  24 rep/hr ----------- 
~~ 

Outer bel t  elec- 
trons (center )  
X-radiation 

--------------- <2 rem/hour 

Low energy, 
extreme flux 
May, JU 1959 

Medium energy, 
extreme f lux  
November 1960 

High energy, 
high f lux  
February 1956 

25 g/cm2 of H@ 

2.7 t o  5.4 rep/hour 

111. Solar cosmic rad ia t ion  

Cnside spherical  sh ie lds ,  neglecting self-shielding 

2 g/cm2 of H$ 

2,500 t o  15,000* rep 

600 t o  800 rep 

80 t o  400* rep 

These values a re  extrapolated and highly * 

25 g/cm2 of H@ 

6 t o  25 rep 

6 t o  19 rep 1 
25 t o  50" rep I 

1 

uncertain.  
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The radiation of the ear th  radiation b e l t s ,  although of 10 4 times 

higher proton in t ens i ty  i n  the  center of the  inner b e l t ,  i s  nevertheless 

no major hazard, i f  the  vehicle crosses the inner belt  i n  10 minutes, as 

w a s  done by Pioneer I11 and I V .  

t o  only 3 t o  6 rep f o r  ex i t  and return through t h e  center i n  a l i g h t l y  

shielded vehicle.  The secondary X-radiation from the b e l t  e lectrons 

i s  probably held substant ia l ly  below the l e v e l  of 1 t o  2 rem/hour by the  

normal content of low and high Z-number material  of the walls of a ty-pi- 

c a l  vehicle,  especial ly  i f  these w a l l s  are  covered by low Z-number 

material  on the  outside. 

The proton dose i s  estimated t o  amount 

The most serious radiat ion problem f o r  longer excursions in to  space 

during so lar  a c t i v i t y  years i s  apparently posed by solar  f l a r e  proton 

events. 

excursion. 

observed f o r  more than a year. 

excursion times of only 10 t o  14 days, the  probabi l i ty  of encountering 

an extreme event i s  not a negligible quantity. 

events f o r  such periods can also not be predicted from synoptical 

observations of solar phenomena with acceptable r e l i a b i l i t y  at  present. 

Adequate shielding f o r  excursions of the order of weeks i s  recommended 

and becomes a necessity f o r  t r i p s  of longer duration during solar  

a c t i v i t y  years. 

The poten t ia l  radiat ion hazard depends on the date of the 

During solar minimum years no f l a r e s  of importance are  

During so lar  a c t i v i t y  years, even f o r  

The absence of such 

In  t ab le  I upper and lower limits of doses as function of shielding 

thickness a re  given. Since rwre data become available especial ly  about 
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the i n t e n s i t i e s  i n  the  ear ly  phases of these events, it tu rns  out that 

the upper l i m i t  of proton rep doses given i n  this t a b l e  are assumed as 

unnecessarily high i n  some events. Without undue negligence we may 

consider i n  f i r s t  approximation these upper limits as rem doses, 

including t h e  contribution of  secondaries, especial ly  neutrons, t o  t he  

biological  dose, w i t h  t h e  reservat ion t h a t  t h e  shielding mater ia l  has t o  

be appropriately selected on t h e  basis of de ta i led  invest igat ions.  

2 estimates ( r e f .  30) show, t h a t  aluminwn i n  thicknesses of 

F i r s t  

20g/cm 

yie lds  an appreciable contribution of evaporation neutrons t o  t h e  rep 

dose (3-100 percent) i n  l o w  energy events, H20 however less than 

20 percent. 

Based on these upper limits the  r e s u l t  i s  obtained t h a t  shielding 

of H20 would have been su f f i c i en t  f o r  reducing 

4 

equivalent t o  

the  dose t o  25 r e m  f o r  every extreme low or  medium energy event observed 

25g/cm2 
- 

so far and f o r  reducing t h e  dose t o  50 r e m  i n  passing through t h e  event 

of February 23, 1956, t h e  most intense high energy event of the  las t  

two solar  cycles. With respect t o  the  rad ia t ion  hazard during excursions 

with a duration of weeks o r  more, it must be remembered that two o r  th ree  

so la r  proton events of comparable in t ens i ty  f requent ly  occur i n  short  

succession, so t h a t  t h e  accummulated dose with shielding of 

would increase t o  73 t o  100 r e m .  

23g/cm2 

For longterm excursions due t o  the  

contribution of ga lac t ic  cosmic rays, even heavier shielding may be 

necessary t o  reduce the  contribution of f lare events.  
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According t o  these preliminary estimates t h e  radiat ion problem i n  

space appears more serious than w a s  suspected even 5 years ago, as 

D r .  Weinberg, Director of O a k  Ridge nat ional  laboratory has s t a t ed  

( r e f .  31) .  

a c t i v i t y  years appears - of course - not questionable. 

shielding i s  provided by appropriate posi t ioning of equipment and supply 

the  necessary addi t ive weight f o r  individual  shielding should hardly SUT- 

pass 2> percent of the  space vehicle weight as it is  envisioned even for 

smaller vehicles  without regard t o  shielding. 

The f e a s i b i l i t y  of longer excursions a l so  during so lar  

If supplemental 
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APPrnIX 

c 

. 

D E F I N I T I O N  OF DOSE U N I T S  AND TERMS USED I N  RADIOBIOLOGY 

(FOR smm PUFPOSES) 

1 roentgen ( r )  i s  the  amount of X-radiation which produces 2.08 x 109 

ion p a i r s  (one e l e c t r o s t a t i c  u n i t  of charge) per  cm3 of standard 

a i r  (energy absorption 83.7 erg/g a i r ) .  

1 rep (roentgen equivalent physical)  = 93 erg/g, i s  the  energy absorbed 

by 1 gm of so f t  t i s s u e  or water exposed t o  1 roentgen of X-radiation 

( 2 0 0  kev). 

mass i s  a b e t t e r  measure f o r  the physical and b io logica l  e f f ec t  

espec ia l ly  of so f t  X-radiation on nonaqueous t i s s u e  containing 

higher elements (e. g., bone) than the  roentgen. 

This absorbed dose o r  simply f ixed absorption per  u n i t  

The rep or rad = 100 erg/g of physically absorbed energy i s  

a l so  the  bas i s  f o r  estimating the  biological  e f f ec t  of other  kinds 

of rad ia t ion  as of protons and heavier ions. 

Low energy protons ( E  < 10 Mev), a and heavier ions, which 

ionize more densely along t h e i r  paths have generally a higher 

b io logica l  e f fec t  than X-radiation a t  the same ionizat ion o r  

energy absorption per  gram, i.e., a t  the  same rep dose. There- 

fore  the  dose i n  rem (roentgen equivalent man, b io logica l  dose) 

i s  defined as t h e  dose i n  rep increased by an appropriate m u l t i -  

p l i ca t ion  factor ,  t he  r e l a t ive  b io logica l  effect iveness  ( R B E )  of 

t h e  spec i f ic  radiat ion i n  question and f o r  the  spec i f ic  organism 

o r  organ i n  question. 



Dose i n  r e m  = dose i n  rep x RBE 

The RBE fac tor  can have values from 1 t o  15 f o r  r e l a t i v e l y  

slow heavy pa r t i c l e s .  

The RBE of penetrating high energy proton beams i n  the 

10th and 100th Mev ranges, which a r e  mainly of concern i n  space 

vehicles, have i n  general only an RBE = 1.5, because of t h e i r  

low specif ic  ionization. This r e f e r s  t o  bone marrow, i n t e s t i n a l  

< 

and general somatic damage i f  secondaries can be ignored. Special 

a t ten t ion  has t o  be given so t h a t  the eyes a r e  not exposed without 

substant ia l  p r e f i l t r a t i o n  of low energy protons and fas t  neutrons. 

LD5O ( l e t h a l  dose f o r  50 percent) = 450 r e m  

An acute t o t a l  body dose of 450 rem i s  considered as l e t h a l  c 

for 50 percent of men exposed. 
* 

150 t o  200 r e m :  average acute t o t a l  body dose f o r  radiat ion sickness. 

80 t o  100 rem (acute, t o t a l  body): " c r i t i c a l  dose," produces l i g h t  

symptoms of t he  acute syndrome f o r  5 t o  10 percent of those 

exposed t o  it during a period of about 1 day. 
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